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Today, wide variety of adsorbents have been developed for sample pretreat-
ment to concentrate and separate harmful substances. However, only a few
solid phasemicroextractionArrowadsorbents are commercially available. In this
study, we developed a new solid phase microextraction Arrow coating, in which
nanosheets layered double hydroxides and poly(vinylpyrrolidone) were utilized
as the extraction phase and poly(vinyl chloride) as the adhesive. This new coating
entailed higher extraction capacity for several volatile organic compounds (allyl
methyl sulfide, methyl propyl sulfide, 3-pentanone, 2-butanone, and methyl
isobutyl ketone) compared to the commercial Carboxen 1000/polydimethylsilox-
ane coating. Fabrication parameters for the coating were optimized and extrac-
tion and desorption conditions were investigated. The validation of the new solid
phase microextraction Arrow coating was accomplished using water sample
spikedwith volatile organic compounds.Under the optimal conditions, the limits
of quantification for the five volatile organic compounds by the new solid phase
microextraction Arrow coating and developed gas chromatography with mass
spectrometry method were in the range of 0.2-4.6 ng/mL. The proposed method
was briefly applied for enrichment of volatile organic compounds in sludge.
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1 INTRODUCTION
Sewage Treatment Plants (STPs) produce large amounts
of sewage, which are the major sources of malodors. Nor-
mally, volatile sulfur compounds (VSCs) are accepted to be
the cause of nuisance emissions. While VSCs alone inad-
equately represent the odour impacts of the emissions,
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F IGURE 1 Detailed view of the SPME Arrow
volatile organic compounds (VOCs) not containing sulfur
element also have contributions to the overall sensorial
properties of emissions [1]. Most of the VOCs in the mal-
odors have deleterious impacts on citizens living near the
STPs owing to their high toxicity, mutagenicity, and car-
cinogenicity [2]. Therefore, VOCs emitted from the sewage
or otherwastes should bemonitored in order to ensure that
humans aremore clearly aware of their living environment
and impel regulators to establish reliable, strict, accurate,
and powerful environmental protection standards.
Solid phase microextraction (SPME) technique is highly
recommended to extract and preconcentrate VOCs at trace
levels from complex matrices [3, 4]. The free-solvent char-
acteristic of SPME technique has made it as the predom-
inant microextraction technique in analytical chemistry
today [5, 6]. However, SPME fiber also has some draw-
backs such as small sorption phase volume [7, 8], the fiber
fragility, stripping of the coating, and bending of the nee-
dle [6]. Recently, SPME Arrow has been specifically devel-
oped to overcome these problems. The detailed structure
of SPME Arrow (Fig. 1) includes a stainless-steel back-
bone, the carrying, the screw, the enlarged sorption phase,
and an Arrow-shaped tip. The carrying prevents the phys-
ical damage of the sorption phase during transfer and the
Arrow tip enable the gentle penetrations into the sam-
ple vial or GC inlet septum. According to the previous
reports, SPME Arrow technique has been applied for the
measuring of VOCs in wastewater, atmospheric air, and
food samples [9-12]. As we know, the design and prepara-
tion of the SPME Arrow coating material are of particu-
lar importance in the whole extraction and separation pro-
cess. Thus, alternative materials to commercials ones are
needed.
A class of anionic clays known as layered double hydrox-
ides (LDHs), which are composed of octahedral brucite-
like layers and interlayer water molecules, has attracted
substantial attention from both industry and academia
[13]. To our knowledge, LDHs have become popular as cat-
alysts, catalyst supports, adsorbents, drug exchangers, sen-
sory and electric materials [14]. Based on the properties of
the permanent positive charged layers, high porosity, high
anion-exchange capacity, large surface area, good thermal
stability, and water-resistant structure [15], the reported
studies have focused on the modification of LDHs for the
determination of trace and ultra-trace amount of inorganic
anions [16]. So far, LDHs have been applied in the adsorp-
tion of naphthols [17], phenols [18], polyaromatic hydro-
carbons (PAHs) [19], chlorinated organic compounds [20],
aromatic acids [21], dyes [22]. In the aspect of the LDHs
synthesis, the Mg/Al LDHs are facilely prepared by means
of simple low-cost coprecipitation method [23]. The lay-
ers of the synthesized Mg/Al LDHs are connected tightly
by electrostatic interactions and hydrogen bonds between
LDHs layers and contents of the gallery. The formed rigid
networks cannot facilitate the anions or molecules access-
ing to the interlayers of pristine LDHs [24], resulting in
the relatively weak adsorption for the analytes. The exfo-
liation of LDHs leads to surface layers to be accessible for
chemical reactivity, and the exfoliated products nanosheet-
LDHs (NLDHs) can form hydrogen bonds with the ana-
lytes due to abundant hydroxyl groups. In addition, the
enhanced mechanical strength and reduced flammability
[25] of NLDHs ensure its applicability as the coating mate-
rial of the SPME Arrow.
The applications of poly(vinylpyrrolidone) (PVP) to
remove phenolic compounds from fruit juices and plant
extracts are well documented [26, 27]. Due to the presence
of hydrogen bonds between the imide group in PVP and
the hydroxyl group or sulfhydryl group in the analytes [28],
PVPwill be favorable for the adsorption of ketones and sul-
fur VOCs.
In this study, we investigated whether the integration of
the LDH nanosheets and the PVP will be effective as the
SPME Arrow coating. In the new coating, poly(vinyl chlo-
ride) (PVC) was served as the adhesive. As we all know,
sample preparation technique based on headspace SPME
(HS-SPME) coupled with GC-MS has been widely used in
the analysis of VOCs in various status samples (gaseous,
liquid, and solid) [24, 26, 29]. Thus, GC-MS was employed
to analyze the target compounds.
LI et al. 3
2 MATERIAL ANDMETHODS
2.1 Instruments and reagents
The analytical standards (allyl methyl sulfide, methyl
propyl sulfide, 3-pentanone, 2-butanone, and methyl
isobutyl ketone) were chosen and supplied by Sigma-
Aldrich (St. Louis, USA). Magnesium nitrate hexahydrate
(Mg(NO3)2∙6H2O) was purchased from E. Merck (Darm-
stadt, Germany). Aluminium nitrate (Al(NO3)3∙9H2O)
was from BDH Chemicals (Poole, England). Sodium
hydroxide (0.1 M, NaOH) and hydrochloric acid (0.1 M,
HCl) were from Oy FF-Chemicals Ab (Haukipudas,
Finland). Sodium carbonate (Na2CO3), PVP, PVC, tetrahy-
drofuran (THF) (≥99.9%), acetone, andmethanol (≥99.9%)
were fromSigma-Aldrich (St. Louis,USA).Ultrapurewater
(Millipore DirectQ-UV, Billerica, MA, USA) was used for
the preparation of stock standard and sample solutions.
Uncoated SPME Arrows (coating length 20 mm)
and Carboxen 1000/polydimethylsiloxane coated SPME
Arrows (Carboxen 1000/PDMS, sorbent film thickness
120 µm, coating length 20mm)were supplied by BGBAna-
lytik (Zurich, Switzerland) and CTC Analytics (Zwingen,
Switzerland), respectively. The SenTix 42 pH-electrodewas
obtained from Wissenschaftlich-Technische Werkstätten
(Germany).
The surfacemorphology of the SPMEArrow coatedwith
NLDHs/PVC/PVP was studied by SEM (Hitachi, model S-
4800, Japan). In addition, FTIR spectra of coating material
were measured with Spectrum one spectrometer (Perkin
Elmer, Waltham, MA, USA) in the region of from 400 to
4000 cm−1. Thermogravimetric analysis (TGA) was con-
ducted with a Mettler Toledo Stare system under nitrogen
flow. The TGA heating program was from room tempera-
ture up to 700◦C at a rate of 10◦C/min.
2.2 Coprecipitation synthesis of Mg-Al
layered double hydroxides
Aqueous solution (20 mL) of 1.875 MMg(NO3)2∙6H2O and
0.625 M Al(NO3)3∙9H2O was added drop-wise into 50 mL
of 0.5 M Na2CO3 aqueous solution. The pH value was
kept at ca. 9.0 by dropping 4.0 M NaOH. The solution
was stirred at room temperature for 30 min. The obtained
LDH wet cake was dried in oven at 95◦C, then the LDH
solids were transferred into the 200 mL of boiling water
in order to be exfoliated under the magnetic stirring. The
exfoliation processwas stopped until waterwas completely
vaporized. In the end, the pristine LDHs turned into thin-
ner LDHs with a few layers not the monolayered double
hydroxides. The final products were groundedwithmortar
and pestle, and then sealed in the vial at room temperature.
2.3 Preparation of nanosheet layered
double hydroxides/poly(vinyl
chloride)/poly(vinylpyrrolidone) solid
phase microextraction Arrow coating
Aqueous PVP solution was prepared by adding 400 mg
PVP into 10 mL ultrapure water, followed by slow addition
of 10 mL acetone. The speed of acetone addition should be
slow to avoid formation of cloudy suspension.
The PVC concentration in THF influenced to the viscos-
ity of the mixture, and further to the robustness of SPME
Arrow coating. In addition, the PVC concentration also
played an important role in the surface morphology of
SPME Arrow coating. The stock PVC/THF solutions were
prepared by adding different amounts of PVC into 20 mL
THF.
The thickness of NLDHs/PVC/PVP SPME Arrow coat-
ing was primarily determined by the SPMEArrow dipping
times in NLDHs/PVC suspensions. The NLDHs/PVC sus-
pensions were constructed by mixing adequate masses of
NLDHs and 1 mL PVC/THF solution in 1 mL centrifuge
tube. Subsequently, the suspensions were agitated by vor-
tex stirrer to form even mixtures.
Uncoated SPME Arrow was successively washed in
10 mL methanol and 10 mL of 0.1 M NaOH under 15 min
sonication. Then, the SPME Arrow was rinsed with ultra-
pure water (three times) and immersed into 10 mL of
0.1 M HCl for 1 h to be etched. At last, the SPME Arrow
was washed three times with ultrapure water and dried at
room temperature. The bare SPME Arrow steel was firstly
immersed into the NLDHs/PVC solutions for 3 s and then
slowly pulled out the solution. After the SPMEArrow coat-
ing was dried, the above-mentioned process was repeated
five times for it. Then the coated SPME Arrow was heated
for 10 min in an oven at 95◦C to remove THF and to obtain
robust coating. The robust SPME Arrow was dipped two
times in the PVP solution (dipping was followed by dry-
ing process in an oven before next dipping). Finally, the
NLDHs/PVC/PVP SPME Arrow was inserted into the GC-
MS injector port, where the temperature was set to 230◦C.
This aging step aimed to remove the contaminants (volatile
organic solvents and unstable molecules) and form the
robust and specific coating.
2.4 Preparation of standard solution
and sample collection
Primary individual solutions of allylmethyl sulfide,methyl
propyl sulfide, 3-pentanone, 2-butanone, and methyl
isobutyl ketone were prepared in ultrapure water at a con-
centration of 1000 µg/mL and stored at 4◦C in the dark.
Working standard solutions were prepared on a daily basis
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by further mixing the primary individual solutions and
diluting with ultrapure water. Solid sludge particles were
collected from wastewater samples by filtering. Then the
sludge was dried (48 h, 45◦C) and homogenized [30]. The
obtained sludge samples were stored in the refrigerator at
4◦C.
2.5 Solid phase microextraction Arrow
procedures
Ultrapure water (2 mL) spiked with five VOCs standards
was added into a HS vial (20 mL) containing stirring bar
(10 × 3 mm). SPME Arrow was inserted into the HS of
the vial. After a certain extraction time, the SPME Arrow
was heated to release VOCs in the injector port. The VOCs
were delivered into a GC capillary column for separation
and then transferred into MS for ionization, m/z separa-
tion, and detection of the ions.
2.6 Chromatographic conditions
Samples were analyzed with an Agilent 6890 gas chro-
matograph equipped with an Agilent 5973 N mass selec-
tive detector (Agilent Technologies, Palo Alto, USA). An
Inert-Cap for amines analytical column (30 m × 0.25 mm
(i.d.), GL Sciences, Tokyo, Japan) was connected to a deac-
tivated fused silica retention gap (1.5 m × 0.53 mm (i.d.),
Agilent Technologies). The column oven temperature pro-
gram was as follows: 40◦C held for 1 min and ramped
at a rate of 35◦C min−1 to 250◦C, where the temperature
remained for 5 min.
Helium (99.996%, AGA, Espoo, Finland) was used as
carrier gas in a constant flow rate mode (1 mL/min). The
SPMEArrowwas inserted through a standard inlet septum
into a split/splitless inlet liner (internal diameter, 2.0 mm)
and the desorption procedure was executed in splitless
mode. The injector temperature was 210◦C. The GC-MS
transfer line, the ion source, and quadrupole temperatures
were at 260, 200, and 150◦C, respectively. Electron ioniza-
tion 70 eVwas used and total ion chromatogram (TIC) was
obtained in the scan range ofm/z = 30-300.
3 RESULTS AND DISCUSSION
3.1 Characterization of the prepared
solid phase microextraction Arrows
The surface morphologies of PVC, PVP, NLDHs/PVC, and
NLDHs/PVC/PVP SPME Arrows were characterized by
SEM (Fig. 2). It was apparently observed that the sur-
faces of PVC and PVP SPME Arrow coatings were smooth
(Fig. 2E and F) but NLDHs/PVC/PVP and NLDHs/PVC
SPMEArrow coatings were rough (Fig. 2A and C). In addi-
tion, the surface of NLDHs/PVC/PVP SPME Arrow was
smoother than that of NLDHs/PVC SPME Arrow (Fig. 2B
and D), which is due to the cover of PVP.
The FTIR spectra of the PVC, PVP, and
NLDHs/PVC/PVP materials were recorded. Two char-
acteristic absorption bands at 1788 and 832 cm−1 were
found on the spectrum of the pure PVP (Supporting
information Fig. S1B), which appear in the spectrum
of NLDHs/PVC/PVP hybrids (Supporting information
Fig. S1C) at 1788 and 834 cm−1. The adsorption bands at
609 and 690 cm−1 from the curve A are ascribed to the
C-Cl stretching vibration of PVC, and the correspond-
ing bands at 606 and 684 cm−1 were observed on the
curve C.
The TGA measurement was employed to inspect the
thermal stability of the NLDHs/PVC/PVP coating. From
Supporting information Fig. S2, it can be observed that
the quality was slowly reduced from room temperature
to 150◦C. The cause of slow reduction is the loss of crys-
talline water in the NLDHs. From 150 to 250◦C, the
curve is declined with the similar and small slope values,
which indicates that the NLDHs/PVC/PVP coating is ther-
mostable at this range.
3.2 Optimization of nanosheet layered
double hydroxides/poly(vinyl
chloride)/poly(vinylpyrrolidone) coating
preparation procedures
To obtain efficient extraction performance, some impor-
tant experimental factors, including mass of PVC in THF,
amount of NLDHs in 1 mL PVC/THF solution, dipping
times in NLDHs/PVC/THF solutions, dipping times in the
PVP aqueous solution, condition time and temperature of
NLDHs/PVC/PVP coating, extraction and desorption time
and desorption temperature, were investigated and opti-
mized. The variables were tested using ultrapure water
containing 0.5 µg/mL of the selected VOCs. All experi-
ments were performed in triplicate by varying one factor
while keeping others constant at their preoptimized val-
ues. This work assumed that there were no interactions
between different experimental factors. The extraction per-
formance of NLDHs/PVC/PVP SPME Arrow was repre-
sented by the relative average recovery for each optimiza-
tion condition.
In 20 mL THF, different PVC masses (100, 250, 400,
500, 700 mg) were first investigated. With 100 mg PVC,
the prepared coating was too loose and easily detached
to be used repeatedly (data not shown). With higher PVC
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F IGURE 2 SEM images of the surface of SPME Arrow coatings: the overall morphology of NLDHs/PVC/PVP SPME Arrow (A); the
amplified images of NLDHs/PVC/PVP SPME Arrow (B); the overall morphology of NLDHs/PVC SPME Arrow (C); the amplified images of
NLDHs/PVC SPME Arrow (D); the overall morphology of PVP (E); and PVC (F) SPME Arrows
mass, the coating robustnesswas increased. However, with
one-by-one dipping operation, it is difficult to fabricate a
relatively smooth and identical thick coating. The lower
part of SPME Arrow rod was always much thicker than
the upper part. When the upper part had a certain thick-
ness, the lower part was too thick to enclose the coating
by pushing down the carrying. Increasing the amount of
PVC from 200 to 500mg in the THF solution facilitated the
good extraction efficiency of the SPMEArrow, while it was
decreased afterwards (Supporting information Fig. S3A).
This decrease may be caused by the thicker PVC, which
obstructs the diffusion of analytes into the coating. Thus,
the PVC mass was set to 400 mg.
The increase of NLDHs masses (from 200 to 400 mg)
in PVC solutions improved the extraction efficiency of
the SPME Arrow (Supporting information Fig. S3B). With
more than 400mg of NLDHs, it was difficult to obtain uni-
form coating. Thus, 400mgwas selected for this parameter
to compromise between the extraction efficiency and the
coating uniformity.
The dipping times in NLDHs/PVC suspensions influ-
enced the coating thickness and the extraction capacity of
the coating. The extraction recoveries of analytes were sig-
nificantly increased with the number of dipping increas-
ing from two to five, and then remained stable with the
dipping times further increasing to six (Supporting infor-
mation Fig. S3C). However, dipping more than six times
led to smashing of the coating during closing the carrying
of the SPME Arrow. Hence, five times for the dipping was
selected as optimum.
The extraction capacity of the coating was also related
to the content of PVP (Supporting information Fig. S3D).
The extraction performance of the coating without PVP
was undesirable (data not shown). The extraction recov-
eries when dipping two times in PVP solution reached to
the highest level. Dippingmore than three times the SPME
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Arrow into the PVP solution limited the diffusion of ana-
lytes into the inside coating and thereby decreased the
extraction recoveries.
The influence of condition temperature (210, 230, and
240◦C) was investigated by adjusting the injector port tem-
perature (Supporting information Fig. S4A). The extrac-
tion recoveries of analytes obviously increased with the
condition temperature increasing from 210 to 230◦C and
remained stable with the further increase. To ensure the
repeatability of the experimental data and obtain the effi-
cient extraction performances, 230◦C was chosen as the
most suitable condition temperature.
The effect of condition time of NLDHs/PVC/PVP SPME
Arrow on the extraction performance was studied by
exposing SPME Arrow into the GC-MS injector port for a
certain period of time (1, 3, 5, 7, 10, 12, 24, and 48 h). With
the increase in condition time, the SPME Arrow efficiency
enhanced until the condition time reached 12 h (Support-
ing information Fig. S4B).With the longer condition times,
no changes in the results were observed. Therefore, the
condition time of NLDHs/PVC/PVP SPME Arrow was set
to 12 h.
3.3 Optimization of headspace solid
phase microextraction Arrow procedures
Given the spillage of water under stirring, the suitable vol-
umes (1, 2, and 3 mL) of water were evaluated. With the
water volumes increasing from 2 to 3 mL, the extraction
efficiencies of the analytes had no obvious variations (data
not shown).
As SPME is an equilibrium-based extraction method,
extraction time has a direct impact on the amounts of
extracted analytes on the extraction phase and the repeata-
bility of the method. Therefore, the effects of extraction
time were investigated in the range of 5-30 min (Support-
ing information Fig. S5A). The extraction equilibrium was
reached at 25 min for all the analytes.
The desorption temperature was investigated in the
range of 200-240◦C (Supporting information Fig. S5B).
High injection temperature promotes the desorption of
compounds from the SPME Arrow to the GC inlet and
reduces the desorption time, while high temperature can
also cut the lifespan of the SPME Arrow coating. To the
end, 210◦C was set as the optimal desorption temperature.
Long desorption time generally improves the sensitiv-
ity of the method [31]. However, in our preoptimization
test, the desorption time longer than 1 min had no obvi-
ous influence on the experimental result. Thus, desorption
times less than 1 min (6, 15, 30, 45, and 60 s) were tested
(Supporting information Fig. S5C). The extraction recover-
ies significantly increased with desorption time increasing
from 6 to 15 s, which indicates that the thorough release of
the analytes was achieved in 15 s.
3.4 Comparison of self-made and
commercial solid phase microextraction
Arrows
The PVC, PVP, NLDHs/PVC, and NLDHs/PVC/PVP coat-
ings were individually prepared to extract 0.5 µg/mL ana-
lytes under the optimized conditions. Both PVP and PVC
SPME Arrows exhibited unsatisfactory extraction abilities
for these five standards. In addition, low thermal stabil-
ity and short service time limited their application. When
SPME Arrow was coated with NLDHs/PVC, the coating
was too wet and swelled to stick to the SPMEArrow. Thus,
NLDHs/PVC/PVP coated SPME Arrow was selected for
the further study.
Three conventional SPME Arrows (PDMS, Carboxen
WR/PDMS, and Carboxen 1000/PDMS SPME Arrows)
were selected to embody the extraction efficiencies based
on the proposed SPME Arrow. The extraction efficiencies
of conventional SPME Arrows were tested by extracting
the five standards under the same conditions with the pro-
posed method. Preliminary trials (data not shown) indi-
cated that the best commercial sorbent for extracting these
five VOCs was Carboxen 1000/PDMS. Finally, Carboxen
1000/PDMS SPME Arrow was used for further compari-
son with the NLDHs/PVC/PVP coated SPME Arrow. As
can be seen from Fig. 3, the peak area signals of analytes by
NLDHs/PVC/PVP SPMEArrowwere higher than those by
the commercial SPME Arrow. The high adsorption capac-
ity of the new coating for VOCs containing oxygen and
sulfur atoms is due to the components of the nanosheet-
LDHs and PVP. The NLDHs expose much more hydroxyl
groups than those of pristine LDHs, due to the calcination
and exfoliation processes. In addition, PVP is composed
of carbonyl groups. Furthermore, the oxygen-containing
functional groups facilitate the polarity of the new coating,
promoting the adsorption of the five polar VOCs through
the formation of hydrogen bonds. Additionally, the extra
p-electrons of pyrrolic nitrogen of PVP can improve active
sites on the new coating surface to enhance the adsorption
performances [32].
3.5 Method validation
Under the optimal extraction conditions,
NLDHs/PVC/PVP SPME Arrow-GC-MS method per-
formance was investigated for the linear range, the LOQs,
and precision. LOQs were calculated according to the 10
times signal-to-noise (S/N).
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F IGURE 3 Chromatograms of the five VOCs (1, 2-butanone; 2, 3-pentanone; 3, allyl methyl sulfide; 4, methyl propyl sulfide; 5, methyl
isobutyl ketone) in ultrapure water extracted by NLDHs/PVC/PVP SPME Arrow (A) and commercial carboxen 1000/PDMS SPME Arrow (B)
TABLE 1 Analytical features of NLDHs/PVC/PVP coated SPME Arrow and GC-MS for the determination of the VOCs
One Arrow
(n = 5) (%)
Interday Intraday
Arrow-to-Arrow
(n = 3) (%)
Analytes
Linear range
(µg/ mL) R2
LOD
(ng/ mL)
LOQ
(ng/mL) Recoveries RSD Recoveries RSD Recoveries RSD
2-Butanone 0.005-0.8 0.9994 1.4 4.6 96.1 4.5 92.5 7.2 97.5 7.7
3-Pentanone 0.005-1 0.9953 1.2 3.9 96.9 5.4 94.8 6.2 89.3 12.3
Allyl methyl sulfide 0.005-1 0.9984 1.1 3.6 95.2 4.5 97.6 8.6 100.9 9.1
Methyl propyl sulfide 0.005-1 0.9980 0.7 2.2 89.0 4.6 93.9 9.8 93.5 11.3
Methyl isobutyl ketone 0.001-1 0.9970 0.06 0.2 102.5 11.4 96.4 6.7 94.3 10.1
Linear ranges, determination coefficients, and LOQs are
listed in Table 1. For 3-pentanone, allyl methyl sulfide,
and methyl propyl sulfide (concentration in the range of
0.005-1 µg/mL), the peak areas were linear with the deter-
mination coefficients in the range of 0.9953-0.9984. The
peak areas were linear with the concentration of 0.001-
1 and 0.005-0.8 µg/mL for methyl isobutyl ketone and 2-
butanone with the determination coefficients in the range
of 0.9970-0.9994, respectively. The LOQs of the five VOCs
ranged from 0.2 to 4.6 ng/mL.
The precision and accuracy were presented by RSDs.
The precisions (Table 2) were obtained by repeating five
times the extraction of the VOCs in ultrapure water at the
concentration of 0.005, 0.01, 0.25, and 0.5µg/mL. TheRSDs
were between 2.7 and 16.6% with the extraction recover-
ies of 72.8-113%. The intra- and interday precisions were
determined by analyzing the samples five times in one day
and once a day in five consecutive days, respectively. The
RSDs were in the range of 4.5-11.4% (Table 1). The SPME
Arrow-to-SPME Arrow reproducibility was obtained by
using three different SPME Arrows prepared under the
same coating process. The obtained RSDs were less than
12.3% (Table 1).
3.6 Method applicability to sludge
samples
Preliminary investigation was conducted to check if the
self-made SPME Arrow could enrich VOCs from the
sludge sealed in the vial. Using HS sampling, 2-butanone,
and methyl isobutyl ketone are clearly observed on the
chromatogram (Supporting information Fig. S6). The
concentrations of 2-butanone and methyl isobutyl ketone
were semiquantified by assuming the same extraction
conditions of waste sludge samples with those of spiked
ultrapure water, since HS sampling was utilized in both.
In line with the calibration curve, the concentrations
of 2-butanone and methyl isobutyl ketone were roughly
calculated as 50.7 and 47.7 ng/g, respectively (Table 3). The
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TABLE 2 Analytical results of NLDHs/PVC/PVP coated SPME Arrow and GC-MS for the determination of the VOCs in ultrapure water
spiked with the four concentration level VOCs standards
Analytes
0.005 µg/mL 0.01 µg/mL 0.25 µg/mL 0.5 µg/mL
Recovery (%) RSD (%) Recovery (%) RSD (%) Recovery (%) RSD (%) Recovery (%) RSD (%)
2-Butanone 83.4 12.3 89.4 9.3 92.6 15.4 95.9 2.7
3-Pentanone 72.8 12.3 76.9 11.3 83.8 7.1 96.4 3.5
Allyl methyl sulfide 102 9.1 107 8.8 91.8 10.0 89.7 6.6
Methyl propyl sulfide 80.4 8.0 113 8.4 88.9 12.4 97.1 8.9
Methyl isobutyl ketone 96.4 16.6 78.4 10.6 99.9 4.6 95.0 9.9
TABLE 3 Analytical results obtained with NLDHs/PVC/PVP
coated SPME Arrow and GC-MS for the VOCs in sludge without
spiking
Analytes Sludge (ng/g)
2-Butanone 50.7
3-Pentanone ND
Allyl methyl sulfide ND
Methyl propyl sulfide ND
Methyl isobutyl ketone 47.7
ND, not detected.
method looks promising for the sludge sample. Further
research will be needed to modify the coating further,
aiming to remove the interferences, and to construct
quantitative method of VOCs from the complicated
matrix.
4 CONCLUSIONS
The competitive features of nanosheet LDHs and PVP
were integrated, and the performance of SPME Arrow
coated with NLDHs/PVC/PVP was studied. The new coat-
ing efficiently enriched the chosen analytes as expected.
The extraction efficiencies for the selected VOCs with
the developed SPME Arrow were much higher com-
pared to the commercial SPME Arrows (PDMS, Carboxen
WR/PDMS, and Carboxen 1000/PDMS SPME Arrows).
The mechanical property of SPME Arrow coating satis-
fied the operation requirement. However, one issue is that
the SPME Arrow coating was considerably hydrophilic,
causing the inferiorities (easily being wet and swelled)
in the aqueous phase. The novel SPME Arrow also effi-
ciently adsorbedmany other VOCswith recoveries slightly
less than or equal to those extracted by commercial SPME
Arrows.
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